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Technology Focus: Sensors 


@ Thin-Film Resistance Heat-Flux Sensors 

Comparative advantages would be larger output signals and greater ease of fabrication. 

John H. Glenn Research Center, Cleveland, Ohio 


Thin-film heat-flux sensors of a pro- 
posed type would offer advantages over 
currently available thin-film heat flux 
sensors. Like a currently available thin- 
film heat-flux sensor, a sensor according 
to the proposal would be based on meas- 
urement of voltages related to the tem- 
peratures of thin metal films on the hot- 
ter and colder faces of a layer of an 
electrically insulating and moderately 
thermally conductive material. The heat 
flux through such a device is propor- 
tional to the difference between the tem- 
peratures and to the thermal conductiv- 
ity of the layer. The advantages of the 
proposed sensors over the commercial 
ones would arise from the manner in 
which the temperature-related voltages 
would be generated and measured. 

In currently available thin-film heat- 
flux sensors, the temperature-related volt- 
ages are generated by thin-film thermo- 
couples. The voltages generated by the 
thermocouples are small, making it diffi- 
cult to operate the sensors. Moreover, fab- 
rication and calibration of the commer- 
cial sensors are made difficult by the basic 
nature of their designs, which call for pre- 
cise deposition of layers of multiple mate- 
rials to form the thermocouples. 

A sensor according to the proposal 
would not exploit the thermocouple 
principle to generate the temperature- 
related voltages. Instead, it would ex- 
ploit the temperature dependence of 
the electrical resistivity of a single metal, 
which would be deposited in the form of 
patterned thin films on opposite sides of 
a layer of electrically insulating and 
moderately thermally conductive mate- 
rial. The use of a single metal, as op- 
posed to at least two metals for a ther- 
mocouple, would make fabrication 
easier. The single-metal design would 
also make it feasible to fabricate sensors 
in batches. 

The basic principle of design and op- 
eration of the proposed sensors admits 
of wide variations in sizes, shapes, and 
materials to suit specific applications. 
Common to all designs is that the films 
would be patterned to form arms of 
Wheatstone bridges with contact pads 
for connection to external measurement 


Layer of 

Electrically Insulating 






WHEATSTONE BRIDGE 


Thin Metal Films Would Be Patterned on opposite faces of a layer of electrically insulating material as 
arms of a Wheatstone bridge. The output of the bridge would be proportional to the difference in 
electrical resistance approximately proportional to a difference in temperature across the layer. 


circuitry. In every design (see figure), 
the metal films would be patterned so 
that two arms of the Wheatstone bridge 
would be on the hotter side (arms B and 
C) and two arms would be on the colder 
side (arms A and D). An excitatory po- 
tential, V = V + - V., would be applied to 
the bridge. The response of the bridge 
due to the heat flux would be given by 


AV = V 2 -V 1 = V 


AA'n - AR C 
2,R+AR^ + \ /f ( 


where V\ and 14 are the potentials at the 
points so labeled in the figure, R is the 
electrical resistance of the bridge in the 
absence of any temperature difference 
or heat flux, and is the change in re- 
sistance of legs B and C on the hot side 


and ARc is the change in resistance of 
legs A and D on the cold side. For a 
given temperature difference, the AV 
generated by this sensor would be an 
order of magnitude greater than the 
voltage generated by a thermocouple- 
based sensor. 

This work was done by Gustave C. Fralick 
and John D. Wrbanek of Glenn Research 
Center and Charles A. Blaha of Akima 
Corp. Further information is contained in a 
TSP (see page 1). 

Inquiries concerning rights for the commer- 
cial use of this invention should be addressed 
to NASA Glenn Research Center, Innovative 
Partnerships Office, Attn: Steve Fedor, Mail 
Stop 4-8, 21000 Brookpark Road, Cleveland, 
Ohio 44135. Refer to LEW-17306-1. 
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® Circuit Indicates That Voice-Recording Disks Are Nearly Full 

Visible and audible alarm signals summon technicians to change recording disks. 


NASA’s Jet Propulsion Laboratory, Pasadena, California 


A remote alarm circuit provides visi- 
ble and audible signals to indicate that 
there is little unused space left on mag- 
netic and optical tracks on disks used 
to record voice signals in a group of 


three multichannel voice recorders. In 
the particular application for which the 
remote alarm circuit was built, the 
voice recorders are required to operate 
without interruption, but the techni- 


cians responsible for the continuous 
operation of the voice recorders per- 
form most of their duties on a different 
floor of the building in which the voice 
recorders are located. The remote 




PHOTOGRAPHY OF FRONT PANEL 


An Audible Alarm and LED Indicators signal when remote voice recorders are low on available recording media space. A pilot LED and push-to-test but- 
tons enable periodic verification of the alarm panel without interfering with alarm functions. 
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alarm circuit gives sufficient advance 
warning to enable the technicians to go 
to the voice recorders and change 
recording disks in time to ensure conti- 
nuity of recording. 

The circuit (see figure) includes a 
sensor in each voice recorder that 
closes a switch when the unused space 
on the recording disk falls below a pre- 
set minimum. A sensor switch closure 
indicates a fault condition in which an 
audible alarm activates together with a 
light-emitting diode (LED) for the cor- 
responding fault. Three current steer- 


ing diodes make the voltage across, and 
current through, the audible alarm in- 
dependent from the number of simul- 
taneous faults. This keeps the alarm 
tone consistent despite the number of 
alarms. 

For verifying the alarm panel, nor- 
mally-open push-button switches are 
wired in parallel with the remote sen- 
sor switches. This arrangement de- 
couples the test circuitry from the 
alarm circuitry, which (1) allows each 
alarm to be tested without the pres- 
ence of a fault condition on a voice 


recorder, and (2) prevents any failure 
in the test circuitry itself from dis- 
abling an alarm indication when an 
actual fault condition is present on a 
voice recorder. Pressing a push-to-test 
button causes the audible alarm to sig- 
nal and the corresponding voice 
recorder LED to light. A green LED is 
used as a pilot light. 

This work zuas done by Harold Minuskin of 
NASA’s Jet Propulsion Laboratory and by 
John Pastor of XteQ Inc. Further information 
is contained in a TSP (see page 1 ). 
NPO-40150 


® Optical Sensing of Combustion Instabilities in Gas Turbines 

Engine operation is diagnosed via infrared radiation emitted by exhaust gases. 

John H. Glenn Research Center, Cleveland, Ohio 


In a continuing program of research 
and development, a system has been 
demonstrated that makes high-speed 
measurements of thermal infrared radi- 
ance front gas-turbine engine exhaust 
streams. When a gas-turbine engine is 
operated under conditions that mini- 
mize the emission of pollutants, there is 
a risk of crossing the boundary from sta- 
ble to unstable combustion. Combustion 
instability can lead to engine damage 
and even catastrophic failure. Sensor sys- 
tems of the type under development 
could provide valuable data during the 
development testing of gas-turbine en- 
gines or of engine components. 

A system of the type under develop- 
ment makes high-speed measurements 
of thermal infrared radiance from the 
engine exhaust stream. The sensors of 
this system can be mounted outside the 


engine, which eliminates the need for 
engine case penetrations typical with 
other engine dynamics monitors. This is 
an important advantage in that turbine- 
engine manufacturers consider such 
penetrations to be very undesirable. 

A prototype infrared sensor system 
has been built and demonstrated on a 
turbine engine. This system includes 
rugged and inexpensive near-infrared 
sensors and fdters that select wave- 
lengths of infrared radiation for high 
sensitivity. In experiments, low-fre- 
quency signatures were consistently ob- 
served in the detector outputs. Under 
some conditions, the signatures also 
included frequency components hav- 
ing one or two radiance cycles per en- 
gine revolution. Although it has yet to 
be verified, it is thought that the low- 
frequency signatures may be associated 


with bulk-mode combustion instabili- 
ties or flow instabilities in the compres- 
sor section of the engine, while the en- 
gine-revolution-related signatures may 
be indicative of mechanical problems 
in the engine. The system also demon- 
strated the ability to detect transient 
high-radiance events. These events in- 
dicate hot spots in the exhaust stream 
and were found to increase in fre- 
quency during engine acceleration. 

This work was done by James R. Markham, 
David F. Marran, and James J. Scire, Jr., of 
Advanced Fuel Research, Inc., for Glenn Re- 
search Center. 

Inquiries concerning rights for the commer- 
cial use of this invention should be addressed 
to NASA Glenn Research Center, Innovative 
Partnerships Office, Attn: Steve Fedor, Mail 
Stop 4-8, 21 000 Brookpark Road, Cleveland, 
Ohio 44135. Refer to LEW-1 7355. 


** Crane-Load Contact Sensor 

The decrease in electrical impedance upon contact is used to detect contact. 

John F. Kennedy Space Center, Florida 


An electronic instrument has been de- 
veloped as a prototype of a portable crane- 
load contact sensor. Such a sensor could be 
helpful in an application in which the load 
rests on a base in a horizontal position de- 
termined by vertical alignment pins (see 
Figure 1). If the crane is not positioned to 
lift the load precisely vertically, then the 
load can be expected to swing once it has 
been lifted clear of the pins. If the load is 
especially heavy, large, and/or fragile, it 


could hurt workers and/or damage itself 
and nearby objects. By indicating whether 
the load remains in contact with the pins 
when it has been lifted a fraction of the 
length of the pins, the crane-load contact 
sensor helps the crane operator determine 
whether it is safe to lift the load clear of the 
pins: If there is contact, then the load is 
resting against the sides of the pins and, 
hence, it may not be safe to lift; if contact is 
occasionally broken, then the load is prob- 


ably not resting against the pins, so it 
should be safe to lift. 

It is assumed that the load and base, or 
at least the pins and the surfaces of the 
alignment holes in the load, are electri- 
cally conductive, so the instrument can 
use electrical contact to indicate mechan- 
ical contact. However, DC resistance can- 
not be used as an indicator of contact for 
the following reasons: The load and the 
base are both electrically grounded 
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Figure 1. The Load Must Be Lifted precisely vertically, or else it will swing when it clears the alignment 
pins. This means that the crane must be positioned so that during initial lifting, the load does not press 
sideways against the pins. 



Figure 2. The Crane-Load Contact Sensor, shown here greatly simplified for the sake of clarity, meas- 
ures a voltage related to the base-to-load electrical impedance to determine whether the load and 
pins are in contact. 


through cables (the load is grounded 
through the lifting cable of the crane) to 
prevent discharge of static electricity. In 
other words, the DC resistance between 
the load and the pins is always low, as 
though they were always in direct contact. 

Therefore, instead of DC resistance, 
the instrument utilizes the AC electrical 
impedance between the pins and the 
load. The signal frequency used in the 
measurement is high enough (=1 MHz) 
that the impedance contributed by the 
cables and the electrical ground network 
of the building in which the crane and 
the base are situated is significantly 
greater than the contact impedance be- 
tween the pins and the load. 

The instrument includes a signal gen- 
erator and voltage-measuring circuitry, 
and is connected to the load and the 
base as shown in Figure 2. The output of 
the signal generator (typically having 
amplitude of the order of a volt) is ap- 
plied to the load via a 50-Q resistor, and 
the voltage between the load and the 
pins is measured. When the load and the 
pins are not in contact, the impedance 
between them is relatively high, causing 
the measured voltage to exceed a thresh- 
old value. When the load and the pins 
are in contact, the impedance between 
them falls to a much lower value, causing 
the voltage to fall below the threshold 
value. The voltage-measuring circuitry 
turns on a red light-emitting diode 
(LED) to indicate the lower- 
voltage/contact condition. Whenever 
the contact has been broken and the 
non-contact/higher-voltage condition 
has lasted for more than 2 ms, the volt- 
age-measuring circuitry indicates this 
condition by blinking a green LED. 

This work was done by Robert Youngquist 
of Kennedy Space Center and Carlos 
Mata and Robert Cox of ASRC Aerospace. 
Further information is contained in a TSP 
(see page 1 ). 

KSC-12702 
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Hexagonal and Pentagonal Fractal Multiband 
Antennas 

These antennas could be suitable for multifunctional wireless-communication 
products. 

John F. Kennedy Space Center, Florida 

Multiband dipole antennas based on 
hexagonal and pentagonal fractals have 
been analyzed by computational simula- 
tions and functionally demonstrated in 
experiments on prototypes. These an- 
tennas are capable of multiband or 
wide-band operation because they are 
subdivided into progressively smaller 
substructures that resonate at progres- 
sively higher frequencies by virtue of 
their smaller dimensions. The novelty 
of the present antennas lies in their spe- 
cific hexagonal and pentagonal fractal 
configurations and the resonant fre- 
quencies associated with them. These 
antennas are potentially applicable to a 
variety of multiband and wide-band 
commercial wireless-communication 
products operating at different fre- 
quencies, including personal digital as- 
sistants, cellular telephones, pagers, 
satellite radios, Global Positioning Sys- 
tem receivers, and products that com- 
bine two or more of the aforemen- 
tioned functions. 

Perhaps the best-known prior multi- 
band antenna based on fractal geome- 
try is the Sierpinski triangle antenna 
(also known as the Sierpinski gasket), 
shown in the top part of the figure. In 
this antenna, the scale length at each it- 
eration of the fractal is half the scale 
length of the preceding iteration, yield- 
ing successive resonant frequencies re- 
lated by a ratio of about 2. The middle 
and bottom parts of the figure depict 
the first three iterations of the hexago- 
nal and pentagonal fractals along with 
typical dipole-antenna configuration 
based on the second iteration. Succes- 
sive resonant frequencies of the hexag- 
onal fractal antenna have been found 
to be related by a ratio of about 3, and 
those of the pentagonal fractal antenna 
by a ratio of about 2.59. 

This work was done by Philip W. Tang of 
Kennedy Space Center and Parveen 
Wahid of the University of Central Florida. 

Further information is contained in a TSP Hexagonal and Pentagonal Fractal Antennas complement the Sierpinski triangle antenna as options 
(see page 1 ). KSC-12393/482 for design of multiband and wide-band wireless-communication products. 



SIERPINSKI TRIANGLE ANTENNA 



FIRST THREE ITERATIONS OF HEXAGONAL FRACTAL AND 
DIPOLE ANTENNA BASED ON SECOND ITERATION 



FIRST THREE ITERATIONS OF PENTAGONAL FRACTAL AND 
DIPOLE ANTENNA BASED ON SECOND ITERATION 
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Multifunctional Logic Gate Controlled by Temperature 

This circuit performs different logic functions at different temperatures. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 


The figure is a schematic diagram of a 
complementary metal oxide/ semiconduc- 
tor (CMOS) electronic circuit diat has 
been designed to function as a NAND gate 
at a temperature between 0 and 80 °C and 
as a NOR gate at temperatures from 120 to 
200 °C. In the intermediate temperature 
range of 80 to 120 °C, this circuit is ex- 
pected to perform a function intermedi- 
ate between NAND and NOR with de- 
graded noise margin. The process of 
designing the circuit and the planned fab- 
rication and testing of the circuit are parts 
of demonstration of polymorphic elec- 
tronics — a technological discipline that 
emphasizes designing the same circuit to 
perform different analog and/or digital 
functions under different conditions. In 
this case, the different conditions are dif- 
ferent temperatures. 

A more extensive discussion of polymor- 
phic electronics was presented in “Poly- 
morphic Electronic Circuits” (NPO- 


21213), NASA Tech Briefs, Vol. 28, No. 4 
(April 2004), page 38. To recapitulate: The 
traditional approach to design is aban- 
doned in favor of an evolutionary ap- 
proach to impart the desired multiple 
functionality to a circuit. In die evolution- 
ary approach, one designs, constructs, and 
tests a sequence of populations of circuits 
that function as incrementally better solu- 
tions of a given design problem through 
the selective, repetitive connection and/or 
disconnection of capacitors, transistors, 
amplifiers, inverters, and/or other circuit 
building blocks. The evolution is guided by 
a search-and-optimization algorithm (in 
particular, a genetic algorithm) that oper- 
ates in the space of possible circuits to find 
a circuit that exhibits an acceptably close 
approximation of the desired functionality. 

In the evolutionary approach, a circuit 
design can be tested by computational sim- 
ulation, tested in real hardware, or tested 
in random sequences of computational 


simulation and real hardware. In the pres- 
ent case, die designed functionality has 
been tested thus far by computational sim- 
ulation and also in real time. The compu- 
tational simulations have included many 
tests to assess the robustness of the NAND 
and NOR gate perfoimances in the pres- 
ence of noise, for all possible sequences of 
positive and negative input-signal transi- 
tions, and under changes in diverse param- 
eters that include not only temperature 
but also switching speed, power dissipa- 
tion, power-supply voltage, transistor sizes, 
and changes in the transistor model be- 
tween two commercial fabrication 
processes. These tests showed the perform- 
ances to be robust, and once fabricated, 
the circuit performed as intended. 

This work was done by Adrian Stoica and 
Ricardo Zebulum of Caltech for NASA’s Jet 
Propulsion Laboratory. Further informa- 
tion is contained in a TSP ( see page 1 ). 
NPO-30795 
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This Circuit Performs as One of Two Logic Gates, depending on the temperature. Between 0 and 80 °C, it is a NAND gate; between 120 and 200 °C, it is a 
NOR gate. The labels M0 through Mil refer to twelve transistors in this circuit. The first and second numbers in parentheses next to each label are the width 
and length, respectively, of the transistor in microns. 
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Multifunctional Logic Gate Controlled by Supply Voltage 

This circuit performs different logic functions at different levels of supply voltage. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 


The figure is a schematic diagram of 
a complementary metal oxide/semi- 
conductor (CMOS) electronic circuit 
that functions as a NAND gate at a 
power-supply potential (V dd ) of 3.3 V 
and as NOR gate for V dd = 1.8 V. In the 
intermediate V dd range of 1.8 to 3.3 V, 
this circuit performs a function inter- 
mediate between NAND and NOR with 
degraded noise margin. Like the cir- 
cuit of the immediately preceding arti- 
cle, this circuit serves as a demonstra- 
tion of the evolutionary approach to 
design of polymorphic electronics — a 
technological discipline that empha- 
sizes evolution of the design of a cir- 
cuit to perform different analog 
and/or digital functions under differ- 
ent conditions. In this instance, the 
different conditions are different val- 
ues of V dd . 

This demonstration is a step toward 
the development of a variety of logic 
gates, the functionalities of which can 


be changed by a single global signal — 
in this case, V dll . The state-of-the-art 
logic circuits with which polymorphic 
logic circuits can be expected to com- 
pete are the configurable logic blocks 
(CLBs) of field-programmable gate ar- 
rays (FPGAs). The reconfiguration of 
a typical CLB involves multiplexing, 
switching, and downloading of thou- 
sands of bits from a lookup-table mem- 
ory circuit. To configure in excess of 
thousands of CLBs in a larger FPGA 
may take even seconds; moreover, for 
satellite/spacecraft FPGA for which a 
new configuration is sent from Earth 
through a slow uplink communica- 
tion, the time to reconfigure could be 
much longer. The main advantages of 
the type of polymorphism demon- 
strated here are the rapidity of the 
change in functionality and the sim- 
plicity of the circuitry needed to effect 
the change: Simply by changing L dd , 
the functionalities of thousands of 


logic cells can be changed within 
nanoseconds, without multiplexing 
and without switches or lookup tables. 

As in the case of the preceding article, 
the functionality of the present circuit 
has been tested by computational simu- 
lations. The simulations have tested the 
robustness of the circuit in the presence 
of input noise, for all possible sequences 
of positive and negative input-signal 
transitions, and under changes in pa- 
rameters that include not only F dd but, 
also temperature, switching speed, fan- 
out, and power dissipation. In addition, 
the circuit has been fabricated on a sili- 
con chip and verified to function sub- 
stantially as intended. This is the first cir- 
cuit designed by artificial evolution to be 
so realized. 

This work was done by Adrian Stoica and 
Ricardo Zebulum of Caltech for NASA’s Jet 
Propulsion Laboratory. Further informa- 
tion is contained in a TSP (see page 1 ). 
NPO-30836 



This Circuit Performs as One of Two Logic Oates, depending on V M . At l/ dd = 3.3 V, it is a NAND gate; at 1/ dd = 1 .8 V, it is a NOR gate. The labels MO through 
M9 refer to 10 CMOS transistors in this circuit. The first and second numbers in parentheses next to each label are the width and length, respectively, of the 
transistor in microns. 
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Power Divider for Waveforms Rich in Harmonics 

The power of a square-wave signal can be divided without adverse effect on either the amplitude 
or phase of the waveform. 

Marshall Space Flight Center, Alabama 


A method for dividing the power of an 
electronic signal rich in harmonics in- 
volves the use of an improved divider 
topology. A divider designed with this 
topology could be used, for example, to 
propagate a square-wave signal in an am- 
plifier designed with a push-pull configu- 


ration to enable the generation of more 
power than could be generated in an- 
other configuration. 

Many power-divider topologies have 
been conceived for application in power 
amplifiers operating at microwave and 
lower radio frequencies. Some examples 


are (1) the Wilkinson hybrid topology, 
which is restricted to division by powers of 
two, (2) the radial-wave power hybrid 
topology, which includes a lumped-ele- 
ment filter network, and (3) the circular- 
sector topology, which features a narrow 
usable frequency range. 

The present improved topology was 
developed for an application in which 
there is a requirement to divide the 
power of a square-wave radio signal and 
deliver the signal to an antenna. An- 
other requirement is to maintain the rel- 
ative-amplitude and phase relationship 
between the fundamental-frequency 
component and each of the harmonic- 
frequency components. The present im- 
proved power-divider topology satisfies 
these requirements. The figure presents 
an example of output waveforms from a 
power divider of this topology. 

This work was done by William. Herbert Sims 
III o/Marshall Space Flight Center. Further 
information is contained in a TSP (see page 1 ). 

This invention has been patented by NASA 
(U.S. Patent No. 6,320,478). Inquiries con- 
cerning nonexclusive or exclusive license for 
its commercial development should be ad- 
dressed. to Sammy Nabors, MSFC Commer- 
cialization Assistance Lead, at (256) 544- 
5226 or sammy.a.nabors@nasa.gov. Refer to 
MFS-31186. 



These Two Waveforms at Output Ports of a 50-0 Power Divider are 180° out of phase with each other 
and resemble the input waveform. 


SCB Quantum Computers Using iSWAP and 1-Qubit Rotations 

Practical implementation in the SCB context appears to be feasible. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 


Units of superconducting circuitry 
that exploit the concept of the single- 
Cooper-pair box (SCB) have been built 
and are undergoing testing as proto- 
types of logic gates that could, in prin- 
ciple, constitute building blocks of 
clocked quantum computers. These 
units utilize quantized charge states as 
the quantum information-bearing de- 
grees of freedom. 

An SCB is an artificial two-level quan- 
tum system that comprises a nanoscale 
superconducting electrode connected 
to a reservoir of Cooper-pair charges via 
a Josephson junction. The logical quan- 
tum states of the device, |0 }■ and 1 1 K are 


implemented physically as a pair of 
charge-number states that differ by 2e 
(where e is the charge of an electron). 
Typically, some 10 9 Cooper pairs are in- 
volved. Transitions between the logical 
states are accomplished by tunneling of 
Cooper pairs through the Josephson 
junction. Although the two-level system 
contains a macroscopic number of 
charges, in the superconducting 
regime, they behave collectively, as a 
Bose-Einstein condensate, making pos- 
sible a coherent superposition of the 
two logical states. This possibility makes 
the SCB a candidate for the physical 
implementation of a qubit. 


A set of quantum logic operations 
and the gates that implement them is 
characterized as universal if, in princi- 
ple, one can form combinations of the 
operations in the set to implement any 
desired quantum computation. To be 
able to design a practical quantum 
computer, one must first specify how to 
decompose any valid quantum compu- 
tation into a sequence of elementary 1- 
and 2-qubit quantum gates that are uni- 
versal and that can be realized in hard- 
ware that is feasible to fabricate. Tradi- 
tionally, the set of universal gates has 
been taken to be the set of all 1-qubit 
quantum gates in conjunction with the 
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In this Two-Qubit Quantum Gate, two qubits are coupled by use of two tunnel junctions connected in 
parallel. This design makes it possible to turn the coupling on or off as necessary. The <3? symbols rep- 
resent applied magnetic fluxes, the C symbols denote coupling capacitances, and the V symbols denote 
voltage-measuring circuits and the corresponding measured voltages. 


controlled-NOT (CNOT) gate, which is 
a 2-qubit gate. Also, it has been known 
for some time that the SWAP gate, 
which implements square root of the 
simple 2-qubit exchange interaction, is 
as computationally universal as is the 
CNOT operation. 

The present innovative SCB-based 
units are of two types: those that can 
implement any 1-qubit operation 
(phase shift and/or rotation) and 
those that can implement a recently 
discovered 2-qubit operation called 


“complex SWAP” or “iSWAP.” The 
combination of these 1- and 2-qubit 
operations has been shown to be uni- 
versal on the basis of the governing 
quantum-mechanical equations. The 
use of iSWAP instead of CNOT as the 
single 2-qubit primitive operation of- 
fers an advantage over the prior art in 
that in the SCB context, iSWAP can be 
implemented in hardware more easily. 
The figure schematically depicts a 2- 
qubit gate according to the present in- 
novation. 


Unlike in prior experimental quan- 
tum computer circuits, neither the 
starting time nor the duration of a gate 
operation is used as a control parame- 
ter to determine the nature of the op- 
eration. Instead, quantum gate opera- 
tions are controlled by applying 
sequences of voltages and magnetic 
fluxes to single qubits or pairs of 
qubits: hence, quantum logic opera- 
tions can be performed in predictable, 
fixed, time intervals; that is, they can 
be clocked. Hence, further, it is easier 
to integrate these units into large-scale 
circuits. The feasibility of fabricating 
such gates and large-scale quantum cir- 
cuits by use of electron-beam lithogra- 
phy has been demonstrated. 

This work was done by Colin Williams and 
Pierre Echtemach of Caltech for NASA’s Jet 
Propulsion Laboratory. Further informa- 
tion is contained in a TSP (seepage 1). 

In accordance with Public Law 96-51 7, the 
contractor has elected to retain title to this in- 
vention. Inquiries concerning rights for its 
commercial use should be addressed to: 
Innovative Technology Assets Management 

JPL 

Mail Stop 202-233 
4800 Oak Grove Drive 
Pasadena, CA 91109-8099 
(818) 354-2240 
E-mail: iaoffice@jpl. nasa.goii 
Refer to NPO-30213, volume and number of th is 
NASA Tech Briefs issue, and the page number. 
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ei Software 


CSAM Metrology Software 
Tool 

CSAM Metrology Software Tool 
(CMeST) is a computer program for 
analysis of false-color CSAM images 
of plastic-encapsulated microcircuits. 
(“CSAM” signifies C-mode scanning 
acoustic microscopy.) The colors in the 
images indicate areas of delamination 
within the plastic packages. Hereto- 
fore, the images have been interpreted 
by human examiners. Hence, interpre- 
tations have not been entirely consis- 
tent and objective. CMeST processes 
the color information in image-data 
files to detect areas of delamination 
without incurring inconsistencies of 
subjective judgement. CMeST can be 
used to create a database of baseline 
images of packages acquired at given 
times for comparison with images of 
the same packages acquired at later 
times. Any area within an image can be 
selected for analysis, which can include 
examination of different delamination 
types by location. CMeST can also be 
used to perform statistical analyses of 
image data. Results of analyses are 
available in a spreadsheet format for 
further processing. The results can be 
exported to any data-base-processing 
software. 

This program was written by Due Vu, 
Michael Sandor, and Shri Agarwal of Caltech 

for NASA’s Jet Propulsion Laboratory. 

Further information is contained in a TSP 
(see page 1 ). 

This software is available for commercial 
licensing. Please contact Karma Edmonds of 
the California Institute of Technology at (818) 
393-2827. Refer to NPO-4047 5. 


01 Update on Rover Sequencing 
and Visualization Program 

The Rover Sequencing and Visua- 
lization Program (RSVP) has been up- 
dated. RSVP was reported in “Rover Se- 
quencing and Visualization Program” 
(NPO-30845), NASA Tech Briefs, Vol. 29, 
No. 4 (April 2005), page 38. To recapitu- 
late: The Rover Sequencing and Visual- 
ization Program (RSVP) is the software 
tool to be used in the Mars Exploration 


Rover (MER) mission for planning rover 
operations and generating command se- 
quences for accomplishing those opera- 
tions. RSVP combines three-dimensional 
(3D) visualization for immersive explo- 
ration of the operations area, stereo- 
scopic image display for high-resolution 
examination of the downlinked imagery, 
and a sophisticated command-sequence 
editing tool for analysis and completion 
of the sequences. RSVP is linked with ac- 
tual flight code modules for operations 
rehearsal to provide feedback on the ex- 
pected behavior of the rover prior to 
committing to a particular sequence. 
Playback tools allow for review of both re- 
hearsed rover behavior and downlinked 
results of actual rover operations. These 
can be displayed simultaneously for com- 
parison of rehearsed and actual activities 
for verification. The primary inputs to 
RSVP are downlink data products from 
the Operations Storage Server (OSS) and 
activity plans generated by the science 
team. The activity plans are high-level 
goals for the next day’s activities. The 
downlink data products include imagery, 
terrain models, and telemetered engi- 
neering data on rover activities and state. 
The Rover Sequence Editor (RoSE) com- 
ponent of RSVP performs activity ex- 
pansion to command sequences, com- 
mand creation and editing with setting of 
command parameters, and viewing and 
management of rover resources. The Hy- 
perDrive component of RSVP performs 
2D and 3D visualization of the rover’s en- 
vironment, graphical and animated re- 
view of rover predicted and telemetered 
state, and creation and editing of com- 
mand sequences related to mobility and 
Instrument Deployment Device (robotic 
arm) operations. Additionally, RoSE and 
HyperDrive together evaluate command 
sequences for potential violations of 
flight and safety rales. The products of 
RSVP include command sequences for 
uplink that are stored in the Distributed 
Object Manager (DOM) and predicted 
rover state histories stored in the OSS for 
comparison and validation of downlinked 
telemetry. The majority of components 
comprising RSVP utilize the MER com- 
mand and activity dictionaries to auto- 
matically customize the system for MER 


activities. Thus, RSVP, being highly data 
driven, may be tailored to other missions 
with minimal effort. In addition, RSVP 
uses a distributed, message-passing archi- 
tecture to allow multitasking and collabo- 
rative visualization and sequence develop- 
ment by scattered team members. 

This tool was developed by Brian Cooper, 
Frank Hartman, Scott Maxwell, Jeng Yen, 
John Wright, and Carlos Balacuit of Caltech 
for NASA’s Jet Propulsion Laboratory. 
Further information is contained in a TSP 
(see page 1). 

This software is available for commercial 
licensing. Please contact Karina Edmonds of 
the California Institute of Technology at (818) 
393-282 7. Refer to NPO-40353. 


Selecting Data From a Star 
Catalog 

MCDUMP is a computer program that 
selects data from the SKYMAP SKY2000 
Master Star Catalog — a database about 
150 MB in size, stored on a computer 
hard drive. The database describes about 
300,000 stars, each by means of a 500-byte 
entry. MCDUMP reads all 300,000 en- 
tries, then generates an output file that 
comprises a subset of entr ies selected ac- 
cording to one or more criteria entered 
by the user. Examples of criteria that 
could be entered include: location in a se- 
lected portion of the sky; constancy or a 
specified degree of variability of bright- 
ness; absence of nearby, bright compan- 
ion stars; a particular surface tempera- 
ture; and brightness sufficient to enable 
detection by a specified astronomical in- 
strument. The output of MCDUMP can 
be in the form of either a single 520-col- 
umn file or multiple files that contain 
fewer columns to facilitate printing. MC- 
DUMP has been configured and tested 
for use under the HP-UX 10.20 operating 
system (a Hewlett-Packard version of the 
UNIX operating system). It should also 
be possible to adapt MCDUMP to other 
versions of UNIX. 

This program was written by David 
A. Tracewell of Goddard Space Flight Cen- 
ter and Christopher B. Sande of Computer Sci- 
ences Corporation. Further information is con- 
tained in a TSP ( see page 1 ). 

GSC-14574 
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Mechanics 


0 


Rotating Desk for Collaboration by Two Computer 
Programmers 

Two programmers can work together or alternately with minimal stress. 

Goddard Space Flight Center, Greenbelt, Maryland 


A special-purpose desk has been de- 
signed to facilitate collaboration by two 
computer programmers sharing one 
desktop computer or computer terminal. 
The impetus for the design is a trend to- 
ward what is known in the software indus- 
try as extreme programming — an ap- 
proach intended to ensure high quality 
without sacrificing the quantity of com- 
puter code produced. Programmers 
working in pairs is a major feature of ex- 
treme programming. 

The present desk design minimizes the 
stress of the collaborative work environ- 
ment. It supports both quality and work 
flow by making it unnecessary for pro- 
grammers to get in each odier’s way. The 
desk (see figure) includes a rotating plat- 
form that supports a computer video mon- 
itor, keyboard, and mouse. The desk en- 
ables one programmer to work on the 
keyboard for any amount of time and then 
the other programmer to take over with- 
out breaking the train of thought. 

The rotating platform is supported by 
a turntable bearing that, in turn, is sup- 
ported by a weighted base. The platform 
contains weights to improve its balance. 
The base includes a stand for a com- 
puter, and is shaped and dimensioned 
to provide adequate foot clearance for 
both users. The platform includes an ad- 
justable stand for the monitor, a surface 
for the keyboard and mouse, and spaces 
for work papers, drinks, and snacks. The 
heights of the monitor, keyboard, and 
mouse are set to minimize stress. 

The platform can be rotated through 
an angle of 40° to give either user a 
straight-on view of the monitor and full 
access to the keyboard and mouse. Mag- 
netic latches keep the platform preferen- 
tially at either of the two extremes of rota- 
tion. To switch between users, one simply 
grabs the edge of the platform and pulls 
it around. The magnetic latch is easily re- 
leased, allowing the platform to rotate 
freely to the position of the other user. 

This work was done by John Thomas 
Riley for Goddard Space Flight Center. 
Further information is contained in a TSP 
( seepage 1). GSC-14484 



Platform 


FRONT VIEW 

WITH SOME PARTS IN CROSS SECTION 



SIDE VIEW 


The Platform Rotates About a Vertical Axis through an angle of 40° to enable either of two program- 
mers to use the keyboard and mouse and have a direct view of the monitor. 
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Variable-Pressure Washer 

Clamping force would be applied in a specified nonuniform pattern. 

Marshall Space Flight Center, Alabama 


The variable-pressure washer (VPW) is 
a proposed device that is so named be- 
cause ( 1 ) it would play the role similar to 
that played by an ordinary washer, ex- 
cept that (2) the clamping pressure ap- 
plied by it would vary with either circum- 
ferential or radial position. In a typical 
contemplated application, the radially 
varying clamping pressure would be 
used to obtain more nearly uniform 
compression on a pair of concentric 
seals (e.g., an O-ring or a gasket) in an 
assembly that experiences larger defor- 
mations normal to the sealing surface 
for locations around the outer diameter 
of the attachment flange when com- 
pared to locations around the inner di- 
ameter. 

The VPW (see figure) would include 
two interlocking channel rings pushed 
axially away from each other by com- 
pression springlike components located 
at two or more radial positions. Each 
spring would have a different stiffness 
based on the radial location. Overlap- 



The Variable-Pressure Washer would contain 
springs of different stiffnesses at different loca- 
tions about the central axis. 


ping splits in each interlocking channel 
ring would allow for the non-uniform 
deformation in the rings. Each spring 
would be held in place by retaining cups 
attached to the inner flat surfaces of the 
channel rings. A plunger attached to 
one channel ring on the central axis 


would be captured in a plunger housing 
attached to the other channel ring: The 
capture of the plunger would hold the 
VPW together. 

When the VPW was clamped between 
two flat surfaces, the clamping force 
would be distributed unevenly across 
the face of the washer in the radial di- 
rection. The different stiffnesses of the 
springs would be chosen, in conjunction 
with other design parameters, to obtain 
a specified radial variation of clamping 
pressure in the presence of a specified 
clamping force. 

This work was done by Stanley S. Smeltzer 
III and Z. Hector Estrada o/Marshall Space 
Flight Center. For further information, con- 
tact Paul Hale at Paul.Hale@msfc.nasa.gov. 

This invention is owned by NASA, and 
a patent application has been filed. For fur- 
ther information, contact Sammy Nabors, 
MSFC Commercialization Assistance Lead, 
at sammy.a.nabors@nasa.gov. Refer to 
MFS-31323 
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Machinery /Automation 


Magnetically Attached Multifunction Maintenance Rover 

This robot could move along a ferromagnetic structure in any orientation. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 


A versatile mobile telerobot, denoted 
the mag netically attached multifunction 
maintenance rover (MAGMER), has 
been proposed for use in the inspection 
and maintenance of the surfaces of 
ships, tanks containing petrochemicals, 
and other large ferromagnetic struc- 


tures. As its name suggests, this robot 
would utilize magnetic attraction to ad- 
here to a structure. As it moved along 
the surface of the structure, the MAG- 
MER would perform tasks that could in- 
clude close-up visual inspection by use of 
video cameras, various sensors, and/or 



Figure 1. The MAGMER, Deployed From a Truck, would move along a ship hull surface. It would ad- 
here to the hull by magnetic attraction. 



the MAGMER is depicted here with the surface- 
adhering ends of the magnetic pole pieces fac- 
ing upward. 


removal of paint by water-jet blasting, 
laser heating, or induction heating. 

The water-jet nozzles would be mounted 
coaxially within compressed-air-powered 
venturi nozzles that would collect the paint 
debris dislodged by the jets. The MAGMER 
would be deployed, powered, and con- 
trolled from a truck, to which it would be 
connected by hoses for water, compressed 
air, and collection of debris and by cables 
for electric power and communication 
(see Figure 1). The operation of the MAG- 
MER on a typical large structure would ne- 
cessitate the use of long cables and hoses, 
which can be heavy. To reduce die load of 
the hoses and cables on the MAGMER and 
thereby ensure its ability to adhere to verti- 
cal and overhanging surfaces, the hoses 
and cables would be paid out through tele- 
scopic booms that would be parts of a 
MAGMER support system. 

The MAGMER would move by use of 
four motorized, steerable wheels, each of 
which would be mounted in an assembly 
that would include permanent magnets 


and four pole pieces (see Figure 2) . The 
wheels would protrude from between the 
pole pieces by only about 3 mm, so that 
the gap between the pole pieces and the 
ferromagnetic surface would be just large 
enough to permit motion along the sur- 
face but not so large as to reduce the 
magnetic attraction excessively In addi- 
tion to the wheel assemblies, the MAG- 
MER would include magnetic adherence 
enhancement fixtures, which would com- 
prise arrays of permanent magnets and 
pole pieces that could be adjusted to 
maximize or minimize the overall attrac- 
tive magnetic force. 

Even with a paint thickness of 2 mm, a 
preliminary design provides a safety fac- 
tor of 5 in the magnetic force in the up- 
side-down, water-jets-operating condi- 
tion, in which the total load (including 
the weight of the MAGMER and cables 
and the water-jet force) would be about 
260 lb (the weight of 118 kg). Option- 
ally, the MAGMER could carry magnetic 
shielding and/or could be equipped 
with a demagnetizing module to remove 
residual magnetism from the structure. 

The MAGMER would carry four 
charge-coupled-device cameras for visual 
inspection, monitoring of operation, nav- 
igation, and avoidance of collisions with 
obstacles. The control system of the 
MAGMER would include navigation and 
collision-avoidance subsystems that would 
utilize surface features as landmarks, in 
addition to direct images of obstacles. 

This work was done by Yoseph Bar-Cohen 
and Benjamin Joffe of Caltech for NASA’s 
Jet Propulsion Laboratory. Further infor- 
mation is contained in a TSP ( see page 1 ). 

In accordance with Public Law 96-517, 
the contractor has elected to retain title to this 
invention. Inquiries concerning rights for its 
commercial use should be addressed to: 
Innovative Technology Assets Management 
PL 

Mail Stop 202-233 
4800 Oak Grove Drive 
Pasadena, CA 91109-8099 
(818) 354-2240 
E-mail: iaoffice@jpl.nasa.gov 
Refer to NPO-20229, volume and number of 
this NASA Tech Briefs issue, and the page 
number. 
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Manufacturing 


Improvements in Fabrication of Sand/Binder Cores 
for Casting 

Cores can be made stronger and more consistent. 

Marshall Space Flight Center, Alabama 

Three improvements have been de- 
vised for the cold-box process, which is 
a special molding process used to make 
sand/binder cores for casting hollow 
metal parts. These improvements are: 

• The use of fiber-reinforced composite 
binder materials (in contradistinction 
to the non-Fiber-reinforced binders 
used heretofore) , 

• The substitution of a directed-vortex 
core-blowing subprocess for a prior 
core-blowing process that involved a 
movable gassing plate, and 

• The use of filters made from filtration- 
grade fabrics to prevent clogging of 
vents. 

For reasons that exceed the scope of 
this article, most foundries have adopted 
the cold-box process for making cores 
for casting metals. However, this process 
is not widely known outside the metal- 
casting industry; therefore, a description 
of pertinent aspects of the cold-box 
process is prerequisite to a meaningful 
description of the aforementioned im- 
provements. 

In the cold-box process as practiced 
heretofore, sand is first mixed with a 
phenolic resin (considered to be part 1 
of a three-part binder) and an iso- 
cyanate resin (part 2 of the binder). 

Then by use of compressed air, the mix- 
ture is blown into a core box, which is a 
mold for forming the core. Next, an 
amine gas (part 3 of the binder) that 
acts as a catalyst for polymerization of 
parts 1 and 2 is blown through the core 
box. Alternatively, a liquid amine that 
vaporizes during polymerization can be 
incorporated into the sand/resin mix- 
ture. Once polymerization is complete, 
the amine gas is purged from the core 
box by use of compressed air. The fin- 
ished core is then removed from the 
core box. 

The first-mentioned improvement is 
effected at the mixture-preparation 
stage by adding fibers to the mixture. In 
experiments, core specimens containing 
a variety of fibers were fabricated and 

subjected to tensile- and shear-strength Figure 1. Tensile and Shear Strengths of core specimens were found to be increased by incorporation 
tests. As shown in Figure 1, the strengths of a variety of fibers. 
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Figure 2. Air Flowing From Directed-Vortex Nozzles fluidizes the sand/resin mixture flowing into the 
core box. 


of the specimens increased significantly 
with proportions of fibers up to about 
0.3 weight percent. 

The second-mentioned improvement 
— directed-vortex core-blowing — is di- 
rected toward obtaining more nearly op- 
timum fluidization of the sand/ resin 
mixture as the mixture is blown into the 


core box. In this subprocess, the 
sand/resin mixture is fed from an over- 
head sand magazine, through an inlet 
blow tube, into the core box (see Figure 
2) . Compressed air is fed into an annular 
plenum, from whence it flows into the 
core box through a number of directed- 
vortex nozzles. The nozzles are designed 


so that the flows from the nozzles gener- 
ate a partial vacuum in the outlet from 
the sand magazine and pump a highly 
fluidized sand/resin mixture into the 
core box. Highly fluidized and acceler- 
ated sand particles travel long distances, 
the net result being more nearly com- 
plete and consistent filling of the core 
box. The directed-vortex nozzles are also 
used to feed in the amine gas for poly- 
merization and the compressed air for 
purging the amine gas. 

The third-mentioned improvement is 
directed toward preventing clogging of 
the exhaust vents of the core box. The 
total cross-sectional area of these vents 
should be about 80 percent of the cross- 
sectional area of the inlet blow tube — 
large enough for effective venting but 
just small enough to provide the back 
pressure needed to make the catalyst gas 
diffuse throughout the core to ensure a 
uniform cure. Vents are deliberately par- 
tially blocked by any of a variety of de- 
vices, typical ones being steel meshes or 
slotted steel disks. Heretofore it has 
been necessary to clean the vents at in- 
tervals during the process. By placing fil- 
ters made of filtration-grade fabrics up- 
stream of the vents, one prevents 
clogging of the vents, thereby eliminat- 
ing the expense and loss of time associ- 
ated with cleaning of the vents. 

This work was done by Sayavur I. Bakhti- 
yarov, Ruel A. Overfelt, and Sabit Adanur of 
Auburn University for Marshall Space 
Flight Center. For further information, con- 
tact George Konstant, Auburn University 
Technology Transfer Associate Manager, 
(334) 844-4977 or ott@auburn.edu. 
MFS-3181 9/20/21 


Solid Freeform Fabrication of Composite-Material Objects 

Parts specified by CAD data files could be fabricated as needed. 

Lyndon B. Johnson Space Center, Houston, Texas 


Composite solid freeform fabrication 
(C-SFF) or composite layer manufac- 
turing (CLM) is an automated process 
in which an advanced composite mate- 
rial (a matrix reinforced with continu- 
ous fibers) is formed into a freestand- 
ing, possibly complex, 

three-dimensional object. In CLM, 
there is no need for molds, dies, or 
other expensive tooling, and there is 
usually no need for machining to en- 
sure that the object is formed to the de- 
sired net size and shape. 


CLM is a variant of extrusion-type 
rapid prototyping, in which a model or 
prototype of a solid object is built up by 
controlled extrusion of a polymeric or 
other material through an orifice that is 
translated to form patterned layers. The 
second layer is deposited on top of the 
first layer, the third layer is deposited on 
top of the second layer, and so forth, 
until the stack of layers reaches the de- 
sired final thickness and shape. 

The elements of CLM include (1) 
preparing a matrix resin in a form in 


which it will solidify subsequently, (2) 
mixing the fibers and matrix material 
to form a continuous pre-impregnated 
tow (also called “towpreg”), and (3) 
dispensing the pre-impregnated tow 
from a nozzle onto a base while moving 
the nozzle to form the dispensed mate- 
rial into a patterned layer of controlled 
thickness. When the material deposited 
into a given layer has solidified, the ma- 
terial for the next layer is deposited 
and patterned similarly, and so forth, 
until the desired overall object has 
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been built up as a stack of patterned 
layers. Preferably, the deposition appa- 
ratus is controlled by a computer-aided 
design (CAD) system. The basic CLM 
concept can be adapted to the fabrica- 
tion of parts from a variety of matrix 
materials. 

It is conceivable that a CLM apparatus 
could be placed at a remote location on 
Earth or in outer space where (1) spare 
parts are expected to be needed but (2) 
it would be uneconomical or impractical 
to store a full inventory of spare parts. A 


wide variety of towpregs could be pre- 
pared and stored on spools until 
needed. Long-shelf-life towpreg materi- 
als suitable for such use could include 
thermoplastic-coated carbon fibers and 
metal-coated SiC fibers. When a spare 
part was needed, the part could be fabri- 
cated by CLM under control by a CAD 
data file; thus, the part could be built au- 
tomatically, at the scene, within hours or 
minutes. 

This work was done by C. Jeff Wang and 
Jason Yang of Nanotek Instruments , Inc., 


and Bor Z. Jang of Auburn University for 
Johnson Space Center. 

In accordance with Public Law 96-51 7, the 
contractor has elected to retain title to this in- 
vention. Inquiries concerning rights for its 
commercial use should be addressed to: 

Nanotek Instruments, Inc. 

1915 First Ave. 

Opelika, AL 36801 

Refer to MSC-22993, volume and number 
of this NASA Tech Briefs issue, and the 
page number. 
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Physical Sciences 


Efficient Computational Model of Hysteresis 

A useful approximate model applies to quasistatic displacements. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 


A recently developed mathematical 
model of the output (displacement) ver- 
sus the input (applied voltage) of a 
piezoelectric transducer accounts for 
hysteresis. For the sake of computa- 
tional speed, the model is kept simple 
by neglecting the dynamic behavior of 
the transducer. Hence, the model ap- 
plies to static and quasistatic displace- 
ments only. A piezoelectric transducer 
of the type to which the model applies is 
used as an actuator in a computer-based 
control system to effect fine position ad- 
justments. Because the response time of 
the rest of such a system is usually much 
greater than that of a piezoelectric 
transducer, the model remains an ac- 
ceptably close approximation for the 
purpose of control computations, even 
though the dynamics are neglected. 

The model (see Figure 1) represents 
an electrically parallel, mechanically se- 
ries combination of backlash elements, 
each having a unique deadband width 
and output gain. The zeroth element in 
the parallel combination has zero 
deadband width and, hence, represents 
a linear component of the input/out- 
put relationship. The other elements, 
which have nonzero deadband widths, 
are used to model the nonlinear com- 
ponents of the hysteresis loop. The 
deadband widths and output gains of 
the elements are computed from ex- 
perimental displacement-versus-voltage 
data. The hysteresis curve calculated by 
use of this model is piecewise linear be- 
yond deadband limits. 

Figure 2 presents a plot of the meas- 
ured displacement of one piezoelectric 
transducer versus the applied poten- 
tial. Overlaid on this plot is the piece- 
wise-linear displacement-vs. -voltage 
curve computed by use of the model. 
In this case, the use of 13 parallel ele- 
ments in the model was found suffi- 
cient to make the model approximate 
the experimental data within accept- 
ably small error. 

This work was done by Joel Shields of Cal- 
tech for NASA’s Jet Propulsion Labora- 
tory .Further information is contained in a 
TSP (see page 1). 

NPO-30546 



Figure 1 . Backlash Elements comprising deadband and output-gain subelements are combined to con- 
struct a piecewise-linear mathematical model that approximates the nonlinear hysteretic response of 
a piezoelectric transducer. 



Figure 2. The Displacement of a Piezoelectric Transducer in response to an underdamped step voltage 
command was measured. It was also calculated by use of a model like that of Figure 1 . 
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@ Gauges for Highly Precise Metrology of a Compound Mirror 

High precision is achieved through careful attention to details of complex designs. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 

Three optical gauges have been de- 
veloped for guiding the assembly and 
measuring precisely the reflecting sur- 
faces of a compound mirror that com- 
prises a corner-cube retroreflector 
glued in a hole on a flat mirror. In the 
specific application for which the 
gauges were developed, the compound 
mirror is part of a siderostat in a stellar 
interferometer. The flat-mirror portion 
of the compound mirror is the sidero- 
stat mirror; the retroreflector portion 
of the compound mirror is to be used, 
during operation of the interferome- 
ter, to monitor the location of the 
siderostat mirror surface relative to 
other optical surfaces of the interfer- 
ometer. Nominally, the optical corner 
of the retroreflector should lie pre- 
cisely on the siderostat mirror surface, 
but this precision cannot be achieved 
in fabrication: in practice, there re- 
mains some distance between the opti- 
cal corner and the siderostat mirror 
surface. For proper operation of the in- 
terferometer, it is required to make this 
distance as small as possible and to 
know this distance within 1 nm. The 
three gauges make it possible to satisfy 
these requirements. 

The first gauge is denoted the white- 
light assembly interferometer and is il- 
lustrated schematically in the figure. 

This is a Michelson type-interferometer 
with improvements over the basic 
Michelson design to make the attach- 
ment of the corner-cube retroreflector 
to the siderostat mirror as easy and ac- 
curate as possible. The initial align- 
ment of the interferometer is per- 
formed soon after slow-curing glue has 
been applied to hold the corner-cube 
retroreflector in the siderostat mirror. 

For initial alignment of the interferom- 
eter, light is supplied by a laser diode; 
for subsequent observations, cool white 
light is supplied by a fiber-bundle illu- 
minator. In either case, the supplied 
light is fed to the input end of a single- 
mode optical fiber, which, in turn, 
transmits a portion of the light to the 
input collimator of the interferometer. 

A reference mirror lies in one of the 
arms of the interferometer, while the 
siderostat and corner cube lie in the 
other arm. A digital micrometer on the 
reference-mirror translation stage is 
used only for calibration. 



The White-Light Assembly Interferometer is one of three gauges designed specifically for use in align- 
ing and measuring the alignment of the corner-cube retroreflector relative to the siderostat mirror to 
which it is bonded. 


The output of the interferometer is re- 
flected through a lens that images the 
siderostat-mirror/corner-cube assembly 
onto a monochrome charge-coupled de- 
vice (CCD) image detector. The CCD out- 
put is digitized by a frame grabber and 
the digitized image data are processed in 
a personal computer running special-pur- 
pose software. After initial alignment of 
the interferometer, the interferometer is 
operated in a special high-tilt mode while 
the special-purpose software executes a 
very fast algorithm that analyzes the 
white-light interference fringes to locate 
the corner-cube and siderostat mirror 
surfaces relative to each other. If the 
measurement indicates excessive error, 
the corner cube can be removed or else 
its position adjusted before the glue sets 
hard. Experiments have shown that the 
use of the white-light assembly interfer- 
ometer makes it possible to achieve a final 
optical corner/ siderostat-mirror-surface 
distance of only about 50 nm, whereas 
heretofore, the final distance has typically 
been of the order of microns. 

The second gauge, denoted the three- 
fiber gauge, is used to measure the devia- 


tions from flatness of (1) nominally flat 
optical components that are used in the 
assembly of highly precise retroreflectors 
and (2) other nominally flat optical com- 
ponents used to measure the optical-cor- 
ner/siderostat-mirror-surface distance to 
within 1 nm or less. The three-fiber gauge 
is based partly on the idea that the wave 
front emitted by a highly polished, single 
mode, polarization-maintaining optical 
fiber is nearly perfectly spherical, and 
when such wave fronts emitted by two 
perfectly matching fibers are interfero- 
metrically combined by a beam splitter at 
exactly equal distances from the tips of 
the fibers, the resulting fringe pattern can 
be used to deduce the deviation of the 
beam splitter from flatness. 

In practice, the wave fronts from dif- 
ferent fibers do not match perfectly, and 
this gives rise to complications that are 
addressed in the design and operation of 
the three-fiber gauge. The design and 
operation are extremely complex. The 
following are a few major features: 

• The three-fiber gauge is so named 
because it utilizes laser wave fronts 
emitted by three optical fibers. (There 
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is also a fourth fiber, which is used for 
monitoring power.) 

• Two of the fiber optical paths include 
delay lines containing electro-optical 
modulators. 

• In operation, the modulators are used 
to create phase shifts that alter the in- 
terference fringes in ways that aid the 
extraction of the desired information. 

• Images of the phase-shifted interfer- 
ence fringes are captured, digitized, 
and then analyzed by use of a very ro- 
bust fringe-tracking and phase-unwrap- 
ping algorithm developed specifically 
for this gauge. 

• The final product of the analysis is a 
map, accurate to 1 nm or less, of the 
deviation from flatness of the compo- 
nent under test. 


The third gauge is denoted the split- 
fiber-beam, single-fiber interferometer. 
This gauge utilizes a reference optical 
flat that has been calibrated by use of 
the three-fiber gauge for measuring the 
optical-corner/ siderostat-mirror-surface 
distance. A single laser beam is deliv- 
ered by an optical fiber, and is split in 
half and collimated by two off-axis pa- 
raboloidal reflectors. The collimated 
first half beam is aimed at the sidero- 
stat/retroreflector assembly. The light 
reflected from the assembly is sent back 
toward the fiber by the same paraboloid 
that collimated it. This light is then re- 
flected from the tip of the optical fiber 
and interferes with the second half 
beam coming out of the fiber. The re- 
sulting two divergent beams are inter- 


cepted and collimated by the second pa- 
raboloidal reflector, then focused by a 
third paraboloidal reflector onto an 
image detector for analysis of interfer- 
ence fringes. For the purpose of shifting 
phases in order to shift interference 
fringes to aid the extraction of the re- 
quired information, the siderostat/ 
retroreflector assembly is mounted on a 
closed-loop, three-axis piezoelectric 
transducer that moves the assembly in 
controlled steps that can be resolved to 
1 nm. 

This work tuas done by Yekta Gursel of 
Caltech for NASA’s Jet Propulsion Lab- 
oratory. Further information is contained in 
a TSP (see page 1 ). 

NPO-30804 


© Improved Electrolytic Hydrogen Peroxide Generator 

Energy efficiency exceeds that of a prior electrolytic H 2 0 2 generator. 

Lyndon B. Johnson Space Center, Houston, Texas 


An improved apparatus for the elec- 
trolytic generation of hydrogen perox- 
ide dissolved in water has been devel- 
oped. The apparatus is a prototype of 
H 2 0 2 generators for the safe and effec- 
tive sterilization of water, sterilization of 
equipment in contact with water, and 
other applications in which there is 
need for hydrogen peroxide at low con- 
centration as an oxidant. Potential ap- 
plications for electrolytic H 2 0 2 genera- 
tors include purification of water for 
drinking and for use in industrial 
processes, sanitation for hospitals and 
biotechnological industries, inhibition 
and removal of biofouling in heat ex- 
changers, cooling towers, filtration 
units, and the treatment of wastewater 
by use of advanced oxidation processes 
that are promoted by H 2 0 2 . 


The apparatus is an electrochemical 
cell in which the electrodes are located 
on opposite sides of a commercially 
available polymeric membrane, which 
separates the electrolytes of the two 
electrolytic half-reactions. One of the 
half-cells produces the biocidal aqueous 
H 2 0 2 product; the product of the other 
half-cell restores the biocidal solution to 
potability. The apparatus is designed to 
process water that is neutral (in the 
sense of neither acidic nor alkaline) or 
nearly neutral, to consume minimal en- 
ergy, and to operate without need to 
supply nonregenerable material (s) 
other than the small proportion of 
water that is electrolyzed. 

The energy efficiency of the cell is 
increased through improved micro- 
scopic mixing of the electrolytes near 


the electrodes without need for large 
bulk electrolyte flow rates: this is ac- 
complished by rotating the electrodes 
relative to the rest of the cell (in con- 
tradistinction to forcing electrolyte 
flow over stationary electrodes). Even 
though the design of this prototype 
cell is unoptimized, the total energy 
consumption per unit of product was 
found to be 60 percent less than that of 
a common planar H 2 0 2 -generating cell 
in operation at similar Faradaic and 
production rates. 

This work was done by Patrick I. James of 
Eltron Research, Inc., for Johnson Space 
Center. For further information, contact the 
Johnson Innovative Partnerships Office at 
(281) 483-3809. 

MSC-23093 


© High-Power Fiber Lasers Using Photonic Band Gap Materials 

PBG materials would be exploited to increase power levels and efficiencies. 

NASA’s Jet Propulsion Laboratory, Pasadena, California 


Fligh-power fiber lasers (FlPFLs) would 
be made from photonic band gap (PBG) 
materials, according to the proposal. 
Such lasers would be scalable in the sense 
that a large number of fiber lasers could 
be arranged in an array or bundle and 
then operated in phase-locked condition 


to generate a superposition and highly di- 
rected high-power laser beam. It has been 
estimated that an average power level as 
high as 1,000 W per fiber could be 
achieved in such an array. 

Examples of potential applications for 
the proposed single-fiber lasers include 


welding and laser surgery. Additionally, 
the bundled fibers have applications in 
beaming power through free space for 
autonomous vehicles, laser weapons, 
free-space communications, and induc- 
ing photochemical reactions in large- 
scale industrial processes. 
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The proposal has been inspired in 
part by recent improvements in the ca- 
pabilities of single-mode fiber ampli- 
fiers and lasers to produce continuous 
high-power radiation. In particular, it 
has been found that the average out- 
put power of a single strand of a fiber 
laser can be increased by suitably 
changing the doping profile of active 
ions in its gain medium to optimize the 
spatial overlap of the electromagnetic 
field with the distribution of active 
ions. Such optimization minimizes 
pump power losses and increases the 
gain in the fiber laser system. The pro- 
posal would expand the basic concept 
of this type of optimization to incorpo- 
rate exploitation of the properties (in- 
cluding, in some cases, nonlinearities) 
of PBG materials to obtain power levels 
and efficiencies higher than are now 
possible. Another element of the pro- 
posal is to enable pumping by concen- 
trated sunlight. 

Somewhat more specifically, the pro- 
posal calls for exploitation of the prop- 
erties of PBG materials to overcome a 
number of stubborn adverse phenom- 
ena that have impeded prior efforts to 
perfect HPFLs. The most relevant of 
those phenomena is amplified sponta- 
neous emission (ASE), which causes sat- 
uration of gain and power at undesir- 
ably low levels, and scattering of light 
from dopants. In designing a given fiber 
laser for reduced ASE, care must be 
taken to maintain a correct fiber struc- 
ture for eventual scaling to an array of 



In this Image Generated in a Simulation of a PBG 
fiber laser, the intensity of a single-mode signal 
decaying away from the waveguide core is rep- 
resented by the intensity of the bright field 
against the dark fiber holes. Also shown here are 
different gain regions, which would be exposed 
to different evanescent fields by virtue of a 
band-gap shift, which would depend on the in- 
tensity of radiation in the core. The band-gap 
shift would be exploited as a feedback control 
mechanism. 


many such lasers such that the interac- 
tions among all the members of the 
array would cause them to operate in 
phase lock. Hence, the problems associ- 
ated with improving a single-fiber laser 
are not entirely separate from the 
bundling problem, and some designs 
for individual fiber lasers may be better 
than others if the fibers are to be incor- 
porated into bundles. 

Extensive calculations, expected to 
take about a year, must be performed 


in order to determine design parame- 
ters before construction of prototype 
individual and fiber lasers can begin. 
The design effort can be expected to 
include calculations to optimize over- 
laps between the electromagnetic 
modes and the gain media and calcu- 
lations of responses of PBG materials 
to electromagnetic fields. Design alter- 
natives and physical responses that 
may be considered include simple 
PBG fibers with no intensity-depend- 
ent responses, PBG fibers with inten- 
sity-dependent band-gap shifting (see 
figure), and broad-band pumping 
made possible by use of candidate 
broad-band pumping media in place 
of the air or vacuum gaps used in prior 
PBG fibers. 

This work was done by Leo Di-Domenico 
and Jonathan Dowling of Caltech for NASA’s 
Jet Propulsion Laboratory. Further infor- 
mation is contained in a TSP ( see page 1 ). 

In accordance with Public Law 96-51 7 , the 
contractor has elected to retain title to this in- 
vention. Inquiries concerning rights for its 
commercial use should be addressed to: 
Innovative Technology Assets Management 

JPL 

Mail Stop 202-233 
4800 Oak Grove Drive 
Pasadena, CA 91109-8099 
(818) 354-2240 
E-mail: iaoffice@jpl.nasa.gov 
Rejer to NPO-40552, volume and number 
of this NASA Tech Briefs issue, and the 
page number. 
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Ontology-Driven Information Integration 

Models developed in different domains of expertise can be automatically integrated. 

Lyndon B. Johnson Space Center, Houston, Texas 


Ontology-driven information inte- 
gration (ODII) is a method of comput- 
erized, automated sharing of informa- 
tion among specialists who have 
expertise in different domains and 
who are members of subdivisions of a 
large, complex enterprise (e.g., an en- 
gineering project, a government 
agency, or a business). In ODII, one 
uses rigorous mathematical techniques 
to develop computational models of 
engineering and/or business informa- 
tion and processes. These models are 
then used to develop software tools 
that support the reliable processing 
and exchange of information among 
the subdivisions of this enterprise or 
between this enterprise and other en- 
terprises. 

The need for ODII arises because in 
the absence of an automated means of in- 
tegrating information, enterprises and 
subdivisions of enterprises tend to be- 
come somewhat isolated from each other, 
making the overall enterprises less effi- 
cient than they could otherwise be. The 
information generated in various do- 
mains of knowledge in organizational 
subdivisions is typically stored in the form 
of models. Consequendy, to a large de- 
gree, the information-integration prob- 
lem reduces to a problem of integration 
of models. The primary source of the 
model-integration problem is the fact 
that the experts in each different domain 
use a different modeling method with its 
own syntax for constructing models and 
its own semantics for interpreting the 
constructions. (This combination of syn- 
tax and semantics, together with any 
other explicit and/or implicit back- 
ground information specific to the do- 
main, is denoted loosely as the “ontology” 
of the domain for the purposes of ODII.) 
Hence, to move information from models 
in one domain to those in another do- 
main, it is necessary to use a human or 
computer “translator.” Of course, transla- 
tion by humans would be too inefficient 
to enable integration of models in real 
time. ODII was conceived to provide real- 
time computer translation. 

ODII is best summarized in terms of 
some of the concepts and constructs 


that have been formalized at various 
stages of its development. The construct 
of one of the earlier stages is an ontol- 
ogy-driven information-integration 
architecture (ODA) based on the con- 
cept of an agent (the core ODA agent) 
that performs the information-integra- 
tion functions. As depicted schemati- 
cally in the figure, the core ODA agent 


comprises a communication agent, an 
ontology-based automated reasoner, 
and a global repository. 

The communication agent is responsi- 
ble for enabling the integration of mod- 
eling software tools in the computational 
environment and transferring informa- 
tion from and to those tools that have 
been integrated. It receives information 
from integrated tools and communicates 
the information to the global repository 
for storage and to the automated rea- 
soner for propagation of changes and 
maintenance of consistency. Thus, it 
keeps the core ODA apprised of the in- 
formation generated within each do- 
main and, hence, enables the core ODA 
agent to determine the implications of 
that information in all relevant contexts; 


and it enables the core ODA agent to 
propagate those implications to the rele- 
vant experts in the various domains. 

The ontology-based automated rea- 
soner is responsible for detecting con- 
flicts, propagating changes, and main- 
taining consistency in the global 
repository. It is also responsible for noti- 
fying the communication agent of new 


information that has been deduced so 
that this information can be propagated 
back to the various experts working on 
the given project. It uses the constraints 
defined in the ontology library to per- 
form its function. It thus keeps the core 
ODA agent aware of all the constraints 
that connect the objects and activities in 
the various domains. 

The global repository is responsible 
for storing, updating, and retrieving in- 
formation available about a project. It 
receives updated information from the 
communication agent and from the au- 
tomated reasoner. The information 
contained in the global repository can 
be browsed and edited through a 
graphical user interface. Even though 
the global repository is conceptually 
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The ODA is a conceptual architecture for implementation of ODII. 
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considered one knowledge base, the in- 
formation can be physically stored in 
networked databases (represented by 
the local object stores in the figure). 
The ontologies of the domains relevant 
to the enterprise at hand are consid- 
ered part of the global repository. 
Hence, the global repository provides 
the necessary background knowledge 
for all relevant domains. 

Other ODII developments to date in- 
clude the following: 

• The ODA has been implemented in a 
software system called the Integrated 
Design System Environment (IDSE). 

• An ODA subarchitecture denoted the 
design rationale management (DRM) 


framework has been devised as a 
means to capture information on the 
reasons for design choices. This infor- 
mation is needed in ODII because fail- 
ure to understand design rationale se- 
verely limits reuse of design 
information and makes it difficult to 
determine whether proposed design 
modifications are acceptable. 

• A prototype program called the On- 
tology Capture and Browsing Tool 
(OCBT) has been incorporated into 
IDSE. OCBT provides support for 
capturing and browsing ontologies 
through a user-friendly graphical in- 
terface. A commercial version of 
OCBT, called IDEF5, was under devel- 


opment at the time of reporting the 
information for this article. 

• Also under development at the time of 
reporting was the Generic Application 
Framework (GAPP) computer pro- 
gram, which is intended to provide in- 
tegration among models developed in 
different domains and to display all 
models within a single computational 
environment. 

This work was done by Florence Tissot and 
Chris Menzel of Knowledge Based Systems, 
Inc., /orjohnson Space Center. For further 
information, contact the Johnson Innovative 
Partnerships Office at (281) 483-3809. 
MSC-22933 
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Quantifying Traversability 
of Terrain for a Mobile 
Robot 

A document presents an updated dis- 
cussion on a method of autonomous 
navigation for a robotic vehicle navigat- 
ing across rough terrain. The method at 
an earlier stage of development was de- 
scribed in “Navigating a Mobile Robot 
Across Terrain Using Fuzzy Logic” 
(NPO-21199), NASA Tech Briefs, Vol. 27, 
No. 2 (February 2003), page 5a. To re- 
capitulate: The method involves, 

among other things, the use of a meas- 
ure of traversability, denoted the fuzzy 
traversability index, which embodies 
the information about the slope and 
roughness of terrain obtained from 
analysis of images acquired by cameras 
mounted on the robot. The improve- 
ments presented in the report focus on 
the use of the fuzzy traversability index 
to generate a traversability map and a 
grid map for planning the safest path 
for the robot. Once grid traversability 
values have been computed, they are 
utilized for rejecting unsafe path seg- 
ments and for computing a traversal- 
cost function for ranking candidate 
paths, selected by a search algorithm, 
from a specified initial position to a 
specified final position. The output of 
the algorithm is a set of waypoints desig- 
nating a path having a minimal-tra- 
versal cost. 

This work was done by Ayanna Howard, 
Homayoun Seraji, and Barry Werger of Cal- 
tech for NASA’s Jet Propulsion Labora- 
tory. 

The software used in this innovation is 
available for commercial licensing. Please con- 
tact Karina Edmonds of the California Insti- 
tute of Technology at (818) 393-282 7. Refer to 
NPO-30744. 


0 More About Arc-Welding 
Process for Making Carbon 
Nanotubes 

A report presents additional informa- 
tion about the process reported in 
“Manufacturing High-Quality Carbon 
Nanotubes at Lower Cost” (GSC-14601) 
NASA Tech Briefs, Vol. 28, No. 9 (Septem- 
ber 2004), page 62. To recapitulate: 
High-quality batches of carbon nan- 
otubes are produced at relatively low 
cost in a modified atmospheric-pressure 
electric-arc welding process that does 


not include the use of metal catalysts. 
What would normally be a welding rod 
and a weldment are replaced by an 
amorphous carbon anode rod and a 
wider, hollow graphite cathode rod. 
Both electrodes are water-cooled. The 
cathode is immersed in ice water to 
about 0.5 cm from the surface. The sys- 
tem is shielded from air by flowing he- 
lium during arcing. As the anode is con- 
sumed during arcing at 20 to 25 A, it is 
lowered to maintain it at an approxi- 
mately constant distance above the cath- 
ode. The process causes carbon nan- 
otubes to form on the lowest 5 cm of the 
anode. The arcing process is continued 
until the anode has been lowered to a 
specified height. The nanotube-contain- 
ing material is then harvested. The addi- 
tional information contained in the in- 
stant report consists mostly of 
illustrations of carbon nanotubes and a 
schematic diagram of the arc-welding 
setup, as modified for the production of 
carbon nanotubes. 

This work was done by Jeanette M. Bena- 
vides and Henning Leidecker of Goddard 
Space Flight Center. Further information 
is contained in a TSP (see page 1). 

This invention is owned by NASA, and a 
patent application has been filed. Inquiries 
concerning nonexclusive or exclusive license 
for its commercial development should be ad- 
dressed to the Patent Counsel, Goddard Space 
Flight Center; (301 ) 286-7351. Refer to GSC- 
14435. 


Controlling Laser Spot Size 
in Outer Space 

Three documents discuss a method 
of controlling the diameter of a laser 
beam projected from Earth to any alti- 
tude ranging from low orbit around the 
Earth to geosynchronous orbit. Such 
laser beams are under consideration as 
means of supplying power to orbiting 
spacecraft at levels of the order of tens 
of kilowatts apiece. Each such beam 
would be projected by use of a special- 
purpose telescope having an aperture 
diameter of 15 m or more. Expanding 
the laser beam to such a large diameter 
at low altitude would prevent air break- 
down and render the laser beam eye- 
safe. Typically, the telescope would in- 
clude an adaptive-optics concave 
primary mirror and a convex secondary 
mirror. The laser beam transmitted out 
to the satellite would remain in the near 


field on the telescope side of the beam 
waist, so that the telescope focal point 
would remain effective in controlling 
the beam width. By use of positioning 
stages having submicron resolution and 
repeatability, the relative positions of 
the primary and secondary mirrors 
would be adjusted to change the nomi- 
nal telescope object and image distances 
to obtain the desired beam diameter 
(typically about 6 m) at the altitude of 
the satellite. The limiting distance If at 
which a constant beam diameter can be 
maintained is determined by the focal 
range of the telescope 4 Xf 2 where X is 
the wavelength and / the //number of 
the primary mirror. The shorter the 
wavelength and the faster the mirror, 
the longer If becomes. 

This work was done by Harold E. Bennett 
of Bennett Optical Research, Inc., for Mar- 
shall Space Flight Center. 

In accordance with Public Law 96-51 7, the 
contractor has elected to retain title to this in- 
vention. Inquiries concerning lights for its 
commercial use should be addressed to: 

Dr Harold Bennett, President 
Bennett Optical Research, Inc. 

91 6 N. Randall Street 
Ridgecrest, CA 93555 
E-mail: Bennett@bennettopticalresearch. com 
Refer to MFS-32039-1, volume and num- 
ber of this NASA Tech Briefs issue, and the 
page number. 


® Softwarc-Rcconfigurable 
Processors for Spacecraft 

A report presents an overview of an 
architecture for a software-reconfig- 
urable network data processor for a 
spacecraft engaged in scientific explo- 
ration. When executed on suitable 
electronic hardware, the software per- 
forms the functions of a physical layer 
(in effect, acts as a software radio in 
that it performs modulation, demodu- 
lation, pulse-shaping, error correction, 
coding, and decoding), a data-link 
layer, a network layer, a transport layer, 
and application-layer processing of sci- 
entific data. The software-reconfig- 
urable network processor is undergo- 
ing development to enable rapid 
prototyping and rapid implementation 
of communication, navigation, and sci- 
entific signal-processing functions; to 
provide a long-lived communication in- 
frastructure; and to provide greatly im- 
proved scientific-instrumentation and 
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scientific-data-processing functions by 
enabling science-driven in-flight recon- 
figuration of computing resources de- 
voted to these functions. This develop- 
ment is an extension of terrestrial radio 
and network developments (e.g., in the 
cellular-telephone industry) imple- 
mented in software running on such 


hardware as field-programmable gate 
arrays, digital signal processors, tradi- 
tional digital circuits, and mixed-signal 
application-specific integrated circuits 
(ASICs). 

This work was done by Allen Farrington, 
Andrew Gray, Bryan Bell, Valerie Stanton, 
Yong Chong, Kenneth Peters, Clement Lee, 


and Jeffrey Srinivasan of Caltech for 

NASA’s Jet Propulsion Laboratory. 

Further information is contained in a TSP 
( see page 1 ). 

This software is available for commercial li- 
censing. Please contact Karina Edmonds of 
the California Institute of Technology at (818) 
393-2827. Refer to NPO-30357. 
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